The content of synephrine, an adrenergic phenethylamine, was determined by high performance liquid chromatography (HPLC) in Shiikuwasha (Citrus depressa, Hayata) plant material (flesh and peel) during fruit development, as well as in 45 species and cultivars of Citrus genus. HPLC conditions were as follows: column, Develosil ODS-5; mobile phase, acetonitrile-H 2 O (2:98)-10 mM phosphoric acid and flow rate, 0.8 mL/min. In the extraction of synephrine from the sample citrus peel, a large quantity of synephrine was detected in water (100%) while no synephrine was found in the methanol extract (more than 60% concentration of methanol). Synephrine content in the peels during Shiikuwasha fruit development was gradually decreased to half the amount in January compared with that in August. Synephrine was detected in 30 of the 45 species and cultivars of Citrus genus, and was mainly found in the samples of Aurantium and Acrumen sections according to Tanaka's classification.
Introduction
There is great interest in the health-promoting effects of citrus fruit components (Middleton and Kandaswami, 1994) . β-Cryptoxanthin, which occurs in abundance in mandarintype fruits such as Unshiu (Citrus unshiu Marc.) and Ponkan (C. reticulata), has been reported as one of the strongest anti-tumor promoters among 51 carotenoids investigated (Tsushima et al., 1995) . Auraptene is found in the outer peel of fruits such as sour orange (C. aurantium), Natsudaidai (C. natsudaidai), and grapefruit (C. paradisi). Recent studies have suggested that auraptene is a promising cancerpreventive component (Murakami et al. 1997; Tanaka et al., 1998) . Polymethoxylated flavones, such as nobiletin and tangeretin, which have several methoxyl groups in the parent molecule, are unique flavones found in citrus fruits (Bianchini & Gaydou, 1981; Nogata et al., 1994; Ozaki et al., 2006) . Nobiletin, a polymethoxylated flavone, was reported to effectively down-regulate the production of pro-matrix metal-loproteinase and interfere with the proliferation of synovial fibroblasts, suggesting that it may serve as an agent to maintain articular cartilage and decrease pannus formation in rheumatoid arthritis and osteoarthritis (Ishiwa et al., 2000) . Tangeretin was reported to efficiently induce apoptosis in HL-60 cells (Hirano et al., 1995) . Synephrine (Fig. 1) , an adrenergic phenethylamine, has weight loss effects due to increases in the lipid metabolic rate (Carlon et al., 1999; Moro & Basile, 2000; Pellati et al., 2002; Bent et al., 2004; Fugh-Berman & Myers, 2004) and exists in a variety of Citrus fruits (Stewart et al., 1964;  OH HO NHCH 3
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Structures of (±)-Synephrine. Hashimoto et al., 1992) . However, synephrine was reported to increase the circulation of blood through the heart and cerebral tissue, elevating the blood pressure (Thomas et al., 1991) . Shiikuwasha (Citrus depressa, Hayata) is very popular in Okinawa, the most southern district of Japan, as an enhancer and possesses nobiletin in abundance. Recently, much attention has been paid to the health-promoting effects of Shiikuwasha fruit and its components (Ozaki et al., 2006; Wada et al., 2007) . In the course of our study of Shiikuwasha fruit paste applied to obese volunteers for 35 days, we confirmed a significant decrease in %FAT (fat % by specific electroconductivity) (Koga et al., 2003) . This decrease was attributed to the synephrine in the fruit, due to its promotion of the lipid metabolism rate in the human body. Thus, the correct determination of synephrine concentration is necessary. Furthermore, little information concerning synephrine during citrus fruit development and its distribution in citrus have reported. The objectives of this study were to develop an analytical method to determine synephrine concentration, to investigate the change in synephrine content in Shiikuwasha (flesh and peel) during fruit development, and to examine the distribution of synephrine in the citrus peels classified by Tanaka (1969) .
Materials and Methods
Chemicals and Reagents (±)-Synephrine was purchased from Sigma-Aldrich (Tokyo, Japan). HPLC grade methanol and acetonitrile were obtained from Wako Pure Chemical Industries (Osaka, Japan).
Apparatus The system consisted of a LC-10AD pump for liquid chromatography, a Develosil ODS-5 column (250 mm × 4.6 mm I.D., 5 μm; Nomura Chemical, Aichi, Japan), a DGU-14A degasser, a SCL-10A system controller, a SIL-10AF auto injector, a SPD-10AV vulvas detector, a SPD-M10A diode array detector, a CTO-10A column oven, and a Fujitsu personal computer equipped with a Shimadzu LC work station (class-VP). All the instruments were purchased from Shimadzu (Kyoto, Japan).
Materials Freeze-dried peel (separated into peel and flesh) was prepared from the fruits of Shiikuwasha, grown at the Agricultural Experiment Station of Okinawa Prefecture, Nago, during the 2005 season.
For the study on the change in synephrine content during growth, the 5-15 fruits of two major cultivars (Ogimi kugani and Yabu kugani) were sampled periodically during fruit development (August 2005 to January 2006). The washed fruit samples were separated into peel and flesh and placed at -80℃. After lyophilization, the samples were ground using an Ultra Centrifugal mill (Retsch mill, Brinkmann, Westbury, NY, USA) with a 0.5 mm filter, and stored at -80℃ until used .
For the study analyzing synephrine in citrus peels, between 5 and 15 mature fruits of 45 citrus species classified by Tanaka (1969) were sampled from the trees at the Department of Citriculture, National Institute of Fruit Tree Science, Shizuoka, Japan, on December in 2003. The washed fruit samples were peeled, and the albedo (white part) and flavedo (yellow part) were cut from the peels and placed at -30℃. After lyophilization, albedo samples were ground and stored at -80℃ until used as described.
Extraction of synephrine from citrus tissues In order to examine optimal extraction, 200 mg samples of the lyophilized albedo powder (Shiikuwasha) were extracted in 10 mL of a mixture solution of MeOH-H 2 O (0-100%) combined in a graduated conical tube (Becton Dickinson Labware, NJ, USA), shaken for 30 min by Recipro Shaker SR-2 (Taiyo, Tokyo, Japan) and then centrifuged at 4,000 × g for 15 min. This extraction treatment was performed twice. The combined extract was then adjusted to 20 mL in a volumetric flask with the corresponding MeOH-H 2 O (0-100%), and filtered through a 0.45-μm membrane filter (Advantec Toyo, Tokyo, Japan) prior to injection to HPLC.
HPLC procedure The column was a Develosil ODS-5 (250 mm × 4.6 mm, I.D.; particle size, 5 μm). A mixture of acetonitrile and H 2 O (2:98) containing 10 mM phosphoric acid was pumped at flow rate of 0.8 mL/min as the mobile phase. The detector monitored the eluent at 223 nm and measured spectra from 200 to 360 nm. The size of the sample injected was 5 μL. The column was operated at 35℃. Identification of synephrine was made by comparing its retention time and UV spectra with that of a standard stored in a data bank. The concentration of the compound was calculated from the integrated peak area of the sample and standard. All treatments were performed in triplicate and the results were presented as mean values with standard deviations.
Results and Discussion
Determination of HPLC conditions To obtain the desired separation of synephrine, we used a Develosil ODS-5 column. The best chromatographic condition was a combination solution of acetonitrile and H 2 O containing 10 mM phosphoric acid, at a flow rate of 0.8 mL/min and a temperature of 35℃, and the eluent was monitored at 223 nm. Figure 2 shows the chromatogram obtained using the chromatographic conditions as mentioned above. The desired sharp peak was observed at 4.7 min. In order to check the linearity of the relationship between the amount of synephrine and the integrated area of the peak, various amounts of standard solution were injected and chromatographed. The graphs exhibited good linearity and obeyed Beer's law with synephrine concentrations of 0 to 1 mg/mL. The linear regression between the peak area (y) and synephrine content (x) was expressed as y = 0.007x -382925 with a 0.999 correlation coefficient (data not shown); indicating the excellent sensitivity of this HPLC method.
There is little information regarding the optimal extraction solvent for synephrine from citrus tissues. In order to select the optimal extraction solvent for synephrine, we determined synephrine concentration in the extracts prepared from albedo tissue of Shiikuwasha with a mixture solution of H 2 O-MeOH (0-100%) (Fig. 3) .
Synephrine concentrations were 6.82 mg/g (dried sample) in the H 2 O extract, 5.51 mg in the 10% MeOH, 4.47 mg in the 20% MeOH and 0.82 mg in 50% MeOH, while no synephrine was detected in more than 60% MeOH. It showed that pure water was the optimal solvent for synephrine extraction from citrus tissue, due to its high polarity in comparison to normal flavonoids. We selected distilled water (100% H 2 O) as the extraction solvent for synephrine in citrus tissue in further study.
Change in synephrine level during Shiikuwasha fruit development It is well known that the contents of chemical components such as vitamin C and polyphenols change markedly during fruit development (Tono et al., 1985 (Tono et al., & 1989 . Information concerning the change in synephrine content during fruit development has not yet been reported. Figure 4 shows the change in synephrine content in the dried peel ( Fig. 4a ) and dried flesh (Fig. 4b ) of fruits of two major Shiikuwasha cultivars (Ogimi kugani and Yabu kugani) during fruit development. In the immature fruit peels of Ogimi kugani in August, 8.8 mg of synephrine was detected. The synephrine level decreased gradually to 3.9 mg in January. In the case of Yabu-kugani, the 4.3 mg in August declined to 0.9 mg in January (Fig. 4a) . The synephrine concentration in the peel of Ogimi-kugani was 2-fold that of Yabu-kugani. On the other hand, the approximately 6.6 mg of synephrine in the flesh of Yabu kugani in August to October decreased to a constant level of about 4.5 mg in November to January. The synephrine concentration in the flesh of Ogimi-kugani was observed to be constant during fruit growth. These results indicated that synephrine content in immature fruit was relatively higher than that in mature fruit.
In this study, all the samples investigated were lyophilized and stored at -80℃ to prevent any biochemical and chemical changes due to moisture. Moisture content of mature citrus flesh is generally higher than that of mature citrus peel, meaning that the synephrine in fresh peel would be greater than in the fresh wet flesh. Therefore, citrus peel was considered to be a better source of synephrine, compared to the flesh.
Distribution of synephrine in citrus peel (albedo and flavedo) tissues The 45 species, based on Tanaka's classification system that classified the Citrus genes into 2 subgenera, 8 sections and 16 subsections, are listed (Tanaka, 1969) in Table 1 , and HPLC-determined synephrine concentrations (mg/g dried sample) in citrus albedo and flavedo of 45 species are also presented in Table 1 . As can be seen in Table  1 , synephrine was present at high concentrations in species of the Aurantium and Acrumen sections, and at low concentrations in the Pseudofortunella section. In the Aurantium section, Natsudaidai (C. natsudaidai) contained the highest concentration of synephrine (47.5 mg/g dried sample) among 8 species. In the Acrumen section, Keraji (C. keraji) and Oto (C. oto) contained the highest level among 16 species investigated, 21.3 mg/g and 21.1 mg/g in dried albedo, respectively. The distribution pattern of synephrine in the flavedo resembled that in the albedo. Moreover, Shiikuwasha contained normal levels of synephrine among the citrus species (1.2 mg/g dried albedo and 6.3 mg/g dried flavedo). This indicates that Shiikuwasha is a resource for synephrine.
However, synephrine levels were less than the detection limit or too small to quantify in Limonelllus (except for Britto), Citrophorum and Cephacitrus (except for Hassaku and Kinukawa) sections, and were not detected in Fortunella and Poncitrus in this study.
In conclusion, we developed a method for analyzing synephrine content in citrus using HPLC. The present data confirm the method's viability in the detection and quantitation of synephrine in citrus peel tissues. The best extraction solvent for synephrine from the sample citrus peel was pure water (100% H 2 O). The synephrine content in the peels during Shiikuwasha fruit development gradually decreased to half the amount in January as compared with that in August, indicating that immature fruits contained a larger quantity of synephrine. Synephrine was found in the samples of Aurantium and Acrumen sections according to Tanaka's classification. In particular, Natsudaidai, Keraji and Oto were rich in synephrine. 
